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Introduction 
To study human auditory perception in realistic environments, loudspeaker-
based reproduction techniques have recently become state-of-the-art. To 
evaluate the accuracy of a simulation-based room auralization of a 
small room, objective measures were evaluated. In particular: 
 early-decay time (EDT) & reverberation time (T20, T30) 
 clarity (C7, C50, C80) 
 interaural cross-correlation (IACC) 
 speech transmission index (STI) 
 direct-to-reverberant ratio (DRR) 
Impulse responses (IRs) were measured in an IEC listening room. The 
room was then modeled in the room acoustics software ODEON, and the 
same objective measures were evaluated for auralized versions of the 
playback room. The auralizations were realized using higher-order ambi-
sonics (HOA), mixed-order ambisonics (MOA), and a nearest-loudspeaker 
method (NL) and reproduced in a virtual sound environment. 
Room Acoustic Measures 
Method 
Conclusions 
 Long-term, averaged measures are reproduced in the range of ~1 JND 
(T20/30, C50/80, STI, IACC) 
 Short-term features of the impulse response are more difficult to capture 
leading to higher errors in e.g. EDT and C7 
 Similar performances were obtained across reproduction techniques 
 Auralization errors (auralization vs. model) are in the range of modeling 
errors (model vs reference) 
 Dynamic binaural cues appear to be well captured 
 Perceptual differences (e.g. speech intelligibility) occur, but not reflected 
in shown objective measures 
 Further investigations needed to link perceptual differences to objective 
measures 
Reproduction techniques 
 Nearest loudspeaker (NL; Favrot&Buchholz, 2010) 
 Higher-order ambisonics (HOA, 5th order) 
 Mixed-order ambisonics (MOA, 7th/5th order; Daniel, 2000) 
Modeling 
 ODEON v13.04 (Rindel&Naylor, 1991) model of IEC listening 
room (7.5*5.75*2.8m) 
 Material properties optimized using ODEON’s genetic 
material optimizer (Christensen et al., 2014) 
IR recording 
 7 source positions (Dynaudio BM6) 
 4 receiver positions (B&K 4192 and B&K HATS Type 
4100) 
 Processing and analysis using ITA-toolbox and Two!Ears 
framework 
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Figure 1: Reverberation time (T30; mean±standard deviation) over 
octave bands, measured at 7 source and 4 receiver positions. The blue 
and red curves indicate the ODEON model and the reference room, re-
spectively. The remaining curves are auralized versions of the room. 
Speech Intelligibility and STI 
Figure 10: Speech reception thresholds (SRT) as target-
to-masker-ratio (TMR) measured in the reference room, in 
the auralizations using NL/MOA and in an anechoic 
condition. The target speech was presented from 0° and 2 
interfering talkers from ±30° (see pictogram). The material 
was the matrix sentence test Dantale II. 
auralization 
Figure 2: Clarity (C80; mean±standard deviation) over octave bands, 
measured at 7 source and 4 receiver positions. The blue and red curves 
indicate the ODEON model and the reference room, respectively. The 
remaining curves are auralized versions of the room. 
Figure 3: Root-mean-square error (RMSE) of the energy decay measures 
relative to the ODEON model. The dashed line indicates the perceptual just-
noticable-difference for reverberation time and EDT (5%; Álvarez-Morales et al. (2016)). 
Figure 4: Root-mean-square error (RMSE) of the clarity measures 
relative to the ODEON model. The dashed line indicates the perceptual 
just-noticable-difference for clarity (1 dB; Álvarez-Morales et al. (2016)). 
Binaural Direct-to-Reverberant Ratio 
Figure 9: Direct-to-reverberant ratio (DRR) for the depicted source/receiver combinations, recorded with 
the left ear of a head-and-torso-simulator as a function of loudspeaker position. The blue markers depict 
the full-band DRR, the red markers the low-passed (cut-off frequency 2.73kHz) DRR. The closed and 
open symbols represent the DRR measurement from the room and the DRR of the auralization, 
respectively. 
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Figure 11: Speech transmission index (STI; 
mean±standard deviation) measured at 7 source and 4 
receiver positions (black markers). The red markers indicate 
the STI between the listener and target speaker location as 
depicted in Fig. 10. The grey bar shows the perceptual just-
noticable-difference around the measured STI (0.03; Álvarez-
Morales et al. (2016)). 
Binaural Measures 
Figure 5: Interaural cross-correlation (IACC; mean±standard deviation) 
computed from the entire impulse response in octave bands, measured 
at 7 source and 4 receiver positions. The blue and red curves indicate 
the ODEON model and the reference room, respectively. The remaining 
curves are auralized versions of the room. 
Figure 6: Root-mean-square error (RMSE) of the IACC measures relative to the 
reference room. The early IACC is calculated over the first 80ms of the impulse 
response. The late IACC from 80ms onwards. The dashed line indicates the 
perceptual just-noticable-difference for IACC (0.075; Álvarez-Morales et al. (2016)). 
Figure 7: Distribution of 
short-term ITDs (top) and 
ILDs (bottom) calculated for a 
source 30° right of the HATS 
(see pictogram). Interaural 
differences were analyzed in 
20ms windows with 50% 
overlap over a 10s long pink 
noise sample. The  
distributions were calculated 
over the indicated octave 
bands. 
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Figure 8: Mean ITDs and 
ILDs calculated from 
distributions as shown in 
Fig. 7 as a function of 
loudspeaker position and 
auralization technique. The 
same frequency ranges 
were applied. The pictogram 
depicts the source/receiver 
setup. 
Room Acoustic Model
Reference Room
Virtual Sound Environment
εmodel
εauralization
εr
ep
ro
d
u
ct
io
n
